We report here the genomic sequence of the centromeric portion of HLA class I, extending 424,015 bp from tumor necrosis factor ␣ to a newly identified gene Ϸ20 kb telomeric of Otf-3. As a source of DNA, we used cosmids centromeric of HLA-B that had been mapped previously with conventional restriction digestion and fingerprinting and previously characterized yeast artificial chromosomes subcloned into cosmids and mapped with multiple complete digest methodologies. The data presented provide a description of the gene content of centromeric HLA class I including new data on intron, promoter and f lanking sequences of previously described genes, and a description of putative new genes that remain to be characterized beyond the structural information uncovered. A complete accounting of the repeat structure including abundant di-, tri-, and tetranucleotide microsatellite loci yielded access to precisely localized mapping tools for the major histocompatibility complex. Comparative analysis of a highly polymorphic region between HLA-B and -C was carried out by sequencing over 40 kb of overlapping sequence from two haplotypes. The levels of variation observed were much higher than those seen in other regions of the genome and indeed were higher than those observed between allelic HLA class I loci.
The human major histocompatibility complex (MHC) is located on the short arm of chromosome 6 in the distal portion of the 6p21.3 band and consists of three major linked gene clusters: class I, II, and III genes. Much attention has been paid to this region because of the importance of the class I and II antigens in the immune response. These gene products play fundamental roles by presenting antigen to T lymphocytes as well as interacting with receptors on NK cells to inhibit NK cell-mediated cytotoxicity (1) (2) (3) . The exceptional polymorphism of these molecules is of considerable interest in clinical transplantation because they are able to elicit strong antibody and cytolytic T lymphocyte responses upon allogeneic stimulation. The class I component is made up of the HLA-A, -B, and -C loci that lie within a 2-Mb region comprising the telomeric half of the MHC.
Further understanding of the molecular genetics of the HLA class I region depends on the identification and characterization of many other resident genes, analogous to the progress made in the class II and III regions (4) (5) (6) . The susceptibility to a variety of diseases has long been the subject of a plethora of studies on the MHC, primarily a consequence of the immune function of the class I and II loci and their high allelic polymorphism. The portion of HLA class I around HLA-B and -C has received a great deal of attention, both as a region that is associated with disease and as a focal point for analysis in clinical studies of marrow transplants (7) . One of the best studied HLA-B-associated diseases include spondyloarthropathies, associated with a series of chronic inflammatory diseases involving the musculoskeletal system (8) . Psoriasis vulgaris, a skin disease, is more strongly associated with HLA-C than HLA-B and may be caused by a linked gene rather than the HLA-C locus itself (9) . Other disease loci include that associated with: nasopharyngeal carcinoma tightly linked to the HLA region (10) , myasthenia gravis, which is associated with HLA-B, possibly located on the telomeric side (11) , and the Behcet's disease locus, which also may be closely linked to HLA-B (12) . Most recently, multiple sclerosis was linked to two principal genomic regions, one of which was the MHC (13) .
Although numerous studies have mapped and characterized a number of genes within the MHC, a comprehensive analysis of the resident genes within the HLA class I region is incomplete. Analyses of cDNAs homologous to HLA class I region clones have yielded a substantial wealth of new sequences for investigation (14) (15) . Genomic analysis of the HLA-B and -C region covering over 237 kb has been carried out, yielding a more precise description of the gene content of this region (16) . A definitive characterization that can distinguish genes from pseudogenes and other low repeat homologies must include the details of a highly accurate and complete determination of the genomic sequence. A major stumbling block in such analysis is obtaining cloned DNA verified as representative of the genomic DNA from which it was derived. Given this, high throughput sequencing can proceed rapidly when carried out in a well structured facility (17) . New methodologies that allow major advances in the mapping of cloned DNA have been developed and promise to provide ready access to verified cloned material (18) . Over the last several years, we have established a set of clones spanning HLA class I (19) (20) (21) (22) that can be used toward establishing the complete nucleotide sequence of HLA class I.
We report here the complete sequence of a 424,015-bp segment of the centromeric HLA class I region, extending from the tumor necrosis factor ␣ locus to a new gene 130 kb telomeric of HLA-C. These data include a precise description of all of the coding and flanking sequence of previously described loci, reveal potential new coding sequences, and completely define the repeat structure of the segment, including the precise localization of di-, tri-, and tetranucleotide repeats. These data were derived in part by using the new technology of multiple complete digest (MCD) mapping (23) on yeast artificial chromosome (YAC)-derived cosmids and, as such, constitute one of the first tests of the ongoing efforts to
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MATERIALS AND METHODS
Source of Cosmids. Cosmids M9A, R9A, R3A, R13C, M32A, and O32A were obtained from the study outlined in Spies et al. (24) , having been chosen from the available set, to cover the region with minimal overlap between cosmids. As sequencing progressed, two gaps were discovered, one between R9A and R3A and a second between R13C and M32A. Suitable spanning restriction fragments from overlapping cosmids R15A and M17A, respectively, were subcloned and sequenced to bridge the gaps. After cosmid subcloning and MCD mapping of YAC-derived cosmids (23) , a cosmid set with 20-fold coverage was available from each of YACs 3, 5, and 14 (19) for selection of suitable cosmids for sequencing. Cosmids derived from YAC 3 (cosmids Y3C071, Y3C018, Y3C062, and Y3C024; Fig. 1 ) were chosen for minimal overlap. During the course of mapping, it was discovered that Y3 contained an internal deletion within the overlap region with Y14, and cosmids Y14C057 and Y14C094 were chosen to span this gap. Cosmid Y5C028 was chosen both to bridge the gap between Y3CO71 and O32A and to provide maximal overlap between haplotypes. The HLA type of CGM1 (YAC source) is A3, B8, DR3, Dqw2, Drw52 and A29, B14, DR7, Dqw2, Drw53 (19) .
Sequencing. The sequences derived from this study were determined entirely on fluorescent-based sequence-gel readers (Model 373A, Applied Biosystems) by using the enzymatic dideoxy chain-terminating method (16, 17) . Sequencing strategies and methods were as described by Janer (M.J., unpublished work). In brief, cosmid DNA was sequenced by the shotgun method. DNA was sonicated, and the ends were made blunt by T4 DNA polymerase. End-repaired DNA was separated on an 1% agarose gel, and fragments of 1.5-3.6 kb were extracted and subcloned into SmaI cut M13. Single-stranded DNA was sequenced by using dye primer cycle sequencing kits and provided protocols (Perkin-Elmer).
Computer Analysis. Sequence assembly and editing was done with the PHRED-PHRAP package developed by Phil Green et al. and with CONSED (D. Gordon and P. Green). Information about these programs can be found at the web site http:͞͞chimera.biotech.washington.edu͞UWGC. CROSSMATCH with the repeat matrix developed by A. Smit was used to mask repeat sequences (University of Washington Genome Server; RepeatMasker on World Wide Web URL: http:͞͞ftp.genome.washington.edu).
Various gene analysis programs were tested; however, the results reported here and in the annotated database entry were determined by using XGRAIL1.3c (25) 
RESULTS
This report has focused on the centromeric end of HLA class I extending from tumor necrosis factor ␣ to a distance 130 kb telomeric of HLA-C. As a source of DNA for genomic sequencing, we relied on two distinct sets of clones, each of which provided at least two-fold coverage of the corresponding genomic regions (Fig. 1) . The technology of MCD mapping (23) was used to map cosmids subcloned from YACs. Details of the methods used by the MCD mapping approach are described elsewhere (23, 28) . In brief, three restriction enzymes, NsiI, HindIII, and BglII, were used in complete digestion of each cosmid DNA followed by gel electrophoresis and translation of the gel image into a computationally understandable format by using a Fluorescent Imager. The gel imaging software of Wong et al. (23) was used to generate highly accurate size measurements of the resultant bands. After identification of the single vector band by Southern blot, maps were assembled by using the mapping software described by Gillett et al. (28) . Three YACs were used to construct the maps shown in Fig. 2 . Four cosmids from YAC 3 and 2 from YAC 14 were chosen based on minimal overlap and one cosmid from a largely overlapping region from YAC 5 was chosen for comparative sequence analysis of distinct haplotypes.
YACs 5 and 3 were derived from homologous chromosomes in heterozygous LCL CGM1 (19) providing access to overlapping DNA from distinct haplotypes. YACs 3 and 14 were derived from the same CGM1 chromosome and were both mapped to provide independent confirmation of the genomic region. After constructing MCD maps of YACs 3 and 14, it was apparent that YAC 3 had suffered a deletion of some 30 kb relative to YAC 14 ( Fig. 2) . Size measurements of the YAC suggest instead that the deletion was present in the original clone and was not detected in the low resolution mapping previously carried out. Cosmids from YAC 14 spanning the region in question were chosen for sequence analysis, and probes from this region were used in Southern analysis of genomic DNA to verify the integrity of the YAC 14 sequence (data not shown).
Genome-Wide Repeats. The human genome-wide repeat families are divided into three categories by the CROSSMATCH matrices developed by Smit and Green (http:͞͞ftp.genome.washington.edu), which includes a highly effective mask for five categories of Alu sequences, non-Alu sequences including MIRs and L1s, and di-, tri-, and tetranucleotide repeats. One complex repeat structure encountered near MICA proved to be a serious test of the sequencing strategy used and presents a potentially interesting example of repeat structure in the human genome. Within the region between HLA-B and tumor necrosis factor ␣ lies a structure of di-and trinucleotide repeats extending some 2,930 bp in length. This structure is a complex mixture of GGA(XY)n and GAA(XY)n, combined among small related repeats. Our sequencing strategy of random shotgun M13 dye primer sequencing failed to cover the region because of early termination of the sequencing reactions. However, dye terminator sequencing of existing templates provided highly accurate data (extending up to 1 kb in some cases) and allowed verified closure of the repeat. This is perhaps a significant tribute to the PHRED-PHRAP assembly programs developed by Phil Green and colleagues because some nonoverlapping templates differed by as few as 4 bp and yet were correctly placed into the assembly.
Polymorphism Outside of the HLA Class I Genes. To measure levels of MHC polymorphism outside of the class I loci, we took advantage of the MCD mapping data we had acquired on YACs 5 and 3 covering the region between HLA-B and HLA-C identified by these maps as highly variable (shaded in Fig. 2) . Cosmid Y5C028 covered a region largely overlapping with Y3C071 and therefore was chosen for sequence analysis. The polymorphism identified in the MCD maps indeed was reflected in the DNA sequence as illustrated in Fig. 3 . The variability in this stretch of sequence is remarkably high when compared with other loci where polymorphism has been measured. For example, in the T cell antigen receptor ␤ locus, an estimate of natural sequence variation of 0.2% was found over a total of 129 kb of overlapping sequence (29) . In contrast, variation over this 40-kb stretch was as low as 0.1% but reached up to 7% in the central segment. It appears that there is a gradient of increasing sequence divergence that peaks directly in the center of a retroviral-like sequence. The divergence lowers to baseline briefly proceeding telomeric and rises again to 6% over the final 1-kb block, approximately 20 kb centromeric of HLA-C.
Class I Homology Between HLA-B and -C. At position 256,865 near HLA-C lies a potentially interesting significant homology to an HLA class I sequence. A CROSSMATCH comparison with HLA-B58 genomic DNA showed that the class I homology unit was colinear over the first third of the HLA-B sequence from positions 1 to 211 (72%), 285 to 587 (67%), and 782 to 1090 (67%), after which the homology abruptly ended. In a BLASTX ϩ BEAUTY (27) comparison with the HLA-B58 protein sequence, homology was limited to the ␣1-␣2 domains of HLA class I. There was Ϸ40% identity   FIG. 2 . Multiple complete digest maps of YAC-derived cosmids. Restriction maps for the three indicated enzymes were constructed as described for YACs 3, 5, and 14 (19) . The distance spanned is indicated at the top starting with the leftmost mapped restriction site. Only complete fragments verified by more than one cosmid subclone are included in the map, resulting in a portion of the sequences at the ends of the YACs to be excluded. YACs 3 and 14 were derived from the same chromosome, and YAC 5 was derived from the homologous chromosome in CGM1. The constructed maps verified this and identified a region between HLA-B and -C (indicated below) with substantial restriction site variability between YACs 5 and 3 (shaded areas). When comparing the maps derived for YACs 3 and 14, an apparent deletion in YAC 3 was detected as discussed in the text (bounded by vertical dotted lines).
FIG. 3. Sequence comparison of allelic regions between HLA-B
and -C. The sequence of cosmid Y5C028 was compared over the first 3 kb with cosmid O32A, which was derived from a non-CGM1 HLA haplotype (24) and over positions 4,000-42,000 with cosmid Y3C071, derived from YAC 3. CROSSMATCH analysis in sequential 1-kb blocks of Y5C028 against O32A or Y3C071 was used with the following parameters: minmatch 20, minscore 40, bandwidth 14, indexwordsize 10, masklevel 80. Y5C028 and Y3C071 span the region between HLA-B and -C identified by MCD mapping as highly variable between the two CGM1 chromosomes (shaded region in Fig. 2 between residues 10 and 28 and 83 and 109 of HLA-B58 followed by 46% identity between positions 112 and 169. The homology to rat or murine class I was essentially similar to that observed in the human comparisons; and nearly all of the identical residues were a subset of those that are highly conserved between the class I antigens of murine and human. Gene Content. A schematic diagram of 424,015 kb of genomic sequence depicting predicted genes, pseudogenes, and gene fragments derived from this set of cosmids is shown in Fig. 4 . Our analysis consisted of identifying genes by using several available similarity searches (26, 27) and dividing them into two categories, those previously characterized either at the cDNA or genomic DNA level and those not previously identified, but with homology to nucleic acid or protein sequences in the database. The latter group was subdivided further into sequences predicted to be pseudogenes based on apparent interruptions in the available coding sequence and sequences predicted to be genes based on structural criteria and identity or near identity to entries in the EST databases.
Among the previously characterized genes, the MICA and MICB loci are included in the sequence centromeric of HLA-B. The MICB genomic sequence is closely homologous to MICA over the entire length of the gene, extending from 16,291 bp 5Ј of the MICA ATG start codon to 1,325 bp centromeric of the Poly(A) addition signal. The extent of duplication of the MIC genes and flanking sequence includes a homologue of the P5 family (32) and a portion of a fibroblast growth factor receptor sequence (Fig. 4) . Immediately 3Ј of the MICB sequence, but not found in the MICA duplication unit, is an HLA class I fragment with homology to the murine H2-M3 ␣3 domain. The duplication unit defined in this region is repeated as part of a more extensive duplication that gave rise to the MICE pseudogene, located between HLA-G and HLA-F.
To identify potential new coding sequences, the most successful analysis relied on the use of BLASTN against the expressed sequence tag (EST) and nucleotide sequence databases and the BLASTX-BEAUTY algorithms (27) . Table 1 lists the homologies identified along with their respective locations and identities with proteins in the database. Some of these sequences are clearly pseudogenes, containing evident interruptions of the coding sequence, and others are present as reverse transcribed pseudogenes. The putative genes include a variety of coding sequences including a trichohyalin homology (PG8; ref. 33) , an ATPase G subunit-like sequence (PG1; ref. 34) , and a putative member of the cyclophilin A family (PG3; ref. 35) . We expect that number of genes that have been identified in this analysis is an underestimate because existing databases comprise Ϸ60% of the human coding sequences.
DISCUSSION
The 424,015 bp of contiguous genomic sequence reported here represents the largest contiguous MHC-derived sequence determined to date. The 5Ј starting point of the sequence was chosen as a centromeric boundary of HLA class I because it includes both active MIC loci and other sequences with homologies found telomeric of this region (e.g., BAT1). In addition, the analysis of Ͼ40 kb of DNA between the HLA-B and -C loci from two different haplotypes constitutes the largest contiguous segment of human MHC DNA available for such comparison. All of the data have been verified as Rvs, reverse transcriptase homology; HLA CLI fgt, homology to HLA-class I genomic fragment; FGF-R fgt, fibroblast growth factor receptor gene fragment. New putative genes identified as the result of this work are indicated immediately above the scale as Pg1-9 (putative gene) with homologies as described in Table 1. representative of the derivative genomic DNA by using only source DNA that was obtained from regions covered by two or more independent clones. The mapping methods used first verified the comparative analysis of clones and second provided a valuable check of the integrity of the assembled sequences. By relying on computational methods for gene identification, we have identified several potential new genes.
As one of the first field test efforts of MCD mapping, this work may provide useful experience contributing to the widespread use of this technology. The absolute necessity of verifying cloned material as representative of the human genome before embarking on a large scale sequencing effort cannot be overstated, and MCD technology directly addresses this need. The relatively small deletion found in YAC 3 was not detected by comparison of the low resolution maps previously constructed for YACs 3 and 14. This example emphasizes the need to have both redundant coverage of the cloned material and high resolution maps for an effective comparison. Sequencing methodologies clearly have matured to the point of allowing megabases of DNA to be sequenced by large genome centers. However, the single major obstacle still remaining is to obtain cloned material with verified integrity. New sources of DNA with an apparently higher level of fidelity than that found in YACs or cosmids are now available in BAC and PAC libraries (36, 37) . High resolution MCD maps may be the most efficient means to clearly define the level of rearrangement in these clones.
Of the candidate genes identified by this work, the tricohyalin homologue (PG8) suggests a relationship to a longstanding MHC-related disease association with psoriasis vulgaris. Psoriasis vulgaris is a disease of the skin that has an immunological and genetic basis present in 1-3% of most populations studied (8) and has been consistently associated with HLA-Cw6 and Cw7 (38, 39) . The association is clearly stronger with HLA-C than HLA-B, suggesting that either HLA-C is involved directly or that the affected gene lies close to, but telomeric of, HLA-C. The overall structure of PG8 suggests possibilities for involvement as a structural component of skin-related tissues, containing trichohyalin, myosin, and laminin homologies in its coding sequence. Transcripts from this gene have been detected in keratinocyte mRNA and primary skin cell monolayer mRNA via reverse transcriptase PCR (T.G., unpublished work). The homology of PG8 to trichohyalin may be noteworthy because the latter is an intermediate filament-associated protein expressed in the granular layer of the epidermis (33) . As potentially the single remaining candidate gene for involvement in psoriasis in this region other than HLA-C itself, PG8 may motivate studies of this disorder.
Although HLA classes I and II include the most polymorphic loci in the human genome, the mechanisms governing the generation of this polymorphism remain the subject of debate. Gene conversion in the generation of local alleles, intra-allelic recombination, and point mutation all may contribute to the generation of new polymorphism (40) . However, the extensive sharing of substitutions between nonhuman primate and human class I alleles suggests that point mutation is a relatively infrequent event compared with the rates of recombination mechanisms (41) . Our motivation for obtaining comparative sequence data between HLA-B and -C was in part based on a desire to increase our understanding of the mechanisms that generate HLA polymorphism. In this regard, the overall level of sequence divergence in the segment between HLA-B and -C is intriguing when compared with much lower levels detected in the T cell antigen receptor ␤ locus (29) but does not of itself distinguish operative mechanisms. However, the remarkably high allelic variation of this region combined with its location between two of the most ploymorphic loci in the genome does suggest that further analysis of polymorphism within this region and elsewhere in the MHC is warranted.
The class I homology unit between HLA-B and -C provides one intriguing speculation as a source of new material for allelic divergence. Three features of this sequence are relevant: (i) its residence between HLA-B and -C; (ii) the higher degree of homology with HLA-B and -C than with other HLA class I or other class I-related families; and (iii) the conservation of codons encoding conserved residues in the ␣1 and ␣2 domains combined with a complete lack of conservation in the variable ␣2 residues. These features are at least suggestive of a level of interaction between the HLA-B and͞or HLA-C genes in the exchange of sequence variation through gene conversion between the homology unit and these HLA loci toward the generation of new allelic variation. These considerations suggest that, although the primary focus of genome annotation is the identification of new genes, further examination of presumably ''junk'' DNA also may yield useful information.
In summary, this study provides several useful observations. First, within the genomic sequence lies the precise description of the gene content. Some of the genes have been described, and for some of these, new data on intron, promoter, and flanking sequences are now available. Second, some of the genetic information may lead directly to the study of a disease locus by comparative analysis of the new genes among normal and disease samples. Many other disease loci have been mapped to the MHC, examples of which include multiple (1998) sclerosis, myasthenia gravis, and nasopharyngeal carcinoma, and more focused mapping efforts are needed to pinpoint the affected genes. The abundant di-, tri-, and tetranucleotide microsatellite loci uncovered provide access to precisely localized mapping tools that could be used very rapidly to rule in or rule out large segments of the MHC (42) or could more finely map a well localized disease like psoriasis vulgaris. Third, the data provide a starting point toward investigations of polymorphism outside of the HLA class I loci. As the structural cataloging of allelic variation at the HLA-A, B, C loci draws to a close, interest can now turn toward better understanding the genetic mechanisms generating that polymorphism. Whether specific mechanisms are operating uniquely on all class I loci or there are recombinational mechanisms specific to only certain class I loci (40) is a question that may find answers in the flanking sequence. Fourth, unraveling the complex events that have given rise to the multigenic content of HLA class I has been a goal of evolutionary biologists for several years. As a paradigm, understanding the evolution of the MHC will help describe evolutionary mechanisms that have led to the divergence of species and in particular to the expansion of the mammalian orders.
